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AD DAAC Ay 


An attempt has been made to correlate the sparking potentials 
of nonattaching polyatomic gases with molecular structure. ‘The investigation 
has included the normal alkanes containing from one to six carbon atoms, 
their branched chainisomers, cyclopentane, and cyclohexane. For a given 
electrode separation and pressure, the electric strengths of the normal 
alkanes increase with increasing chain length. Using a Townsend-like 
criterion for breakdown, it has been possible, with certain assumptions, 
to calculate from the measurements relative cross sections for electron 
scattering by these molecules. ‘This scattering cross section is proportional 
to the number of carbon-hydrogen bonds in the molecule, and independent of 
the number of carbon-carbon bonds. It is independent of molecular shape, 
i.e., of branching or cyclization. : 


THE ELECTRIC STRENGTH OF SATURATED HYDROCARBON GASES 


fre 2 Dewimsvandeks: W.. Crowe 


INTRODUCTION 

In recent years, quantity production of so-called electronegative 
gases has made possible their use as insulating materials in large scale 
high voltage equipment. These engineering advances have stimulated 
interest in the general problem of correlating the electric strengths of 
gases with other molecular properties. 


In the many investigations designed primarily to elucidate the 
mechanisms of breakdown, considerable data have been accumulated on 
a few relatively simple monatomic and diatomic gases. Relatively little 
effort appears to have been made to correlate sparking potentials of more 
complex polyatomic gases with their molecular structure. Such correlations 
might be expected in an investigation of molecules of a homologous series, 
and, infact, were found by Wilson, Simons, and Brice(1) ina study of | 
the saturated fluorocarbon gases with chain lengths of from one to five 
carbon atoms. They observed that to a first approximation the sparking 
potential was a linear function of the gas density; that is, of the molecular 
weight. McCormick and Craggs (2) have observed similar regular changes 
in electric strength for a series of Freons. No extensive similar study 
appears to have been made on a series of gases which do not show appreciable 
electron attachment, the results of whichshouldbe more amenable to 
simple interpretation. Accordingly, in the present investigation we have 
measured the sparking potentials of a number of simply related saturated 


hydrocarbons, including normal and branched aliphatic, and cyclic compounds. 


TEHOR 


The breakdown criterion postulated by Townsend may be written 


yvylexp @6 = 1) = 15 (1) 


for a uniform field gap. Herea is the number of new electrons created 
by collisions made by one electron drifting one centimeter in the direction 
of the electric field, 6 is the electrode spacing, andy is the average number 


his expression is; of course, in agreement, with Paschen's law; i.e., 
Vs is a function of the product PS. Providing In A/r is essentially field 
independent, a plot of In Vg against P8/V. should be a straight line whose 


of secondary electrons effectively produced at the cathode per primary 
electron produced in the avalanche. The criterion requires that, for each 
electron starting from the cathode, on the average one new electron must 


be created at the cathode to initiate a new avalanche and thus produce a tt slope is: B; 
self-sustaining current in the gap. To define the sparking potential, it is P| 3 
i necessary to determine at what field a and y become large enoughtos Satisty | While experiment has shown that y is field dependent, it is not 
ei), strongly so. Since jts magnitude in the range of E/P with which we are 
: concerned is ~10 #, its appearance inr as a logarithm further greatly 
The amplification factor,a , will be determined by the fraction of . reduces the influence of its field dependence. An indication of the error 
electrons in the gap having energy greater than the molecular ionization P| introduced into B by the assumption that In A/r is a constant can be obtained 
potential. This will be governed by the energy which an electron can gain in . a by comparing the value obtained from Eq. (5) with that obtained by direct 
the field between collisions, and by the energy lost on collision. We have 7. measurement of a utilizing Eq. (8). Thus, Eq. (8) predicts that a plot of 
recently shown 3 that, for an assumed inelastic cross section of the form, . & ~lna/Easafunctionof P/E should also have a slope of B. A comparison 


of the two methods of obtaining B for nitrogen is shown in Fig. 1, using 
pf the Sparking potential data of Ehrenkrantz 4) and direct measurements of 
o(€)=05(€ = €a), (2) ; | a by Masch. 5) The slopes agree to within 3 per cent. A further indication 
gg of the insensitivity of Vs to changes in Y was obtained in our work by 
comparison of breakdown measurements made with steel and aluminum 


and a total cross section, @ , (essentially equal to the elastic cross section) ; electrodes in ethane. While it is to be expected that y would differ 
independent of electron energy, € , a is given by BB considerably for these metals, no differences in sparking potentials were 
| observed in the range of E/P investigated (40 to 70-volt Gm + mm +), 
a/P sA(E/P) exp (- BP/E). (3) . : We might therefore hope, from measurements of the sparking 


potential as a function of PS, to learn something of the dependence of B, 
and thus of the composite cross section, (do @)+/* on molecular size 


Here €, is a critical potential in the neighborhood of the first excited state, 7 ~ and structure, 
E is the field, P is the pressure, and A and B are constants for a given gas. 
B is given by . | EXPERIMENTAL METHOD 


| | Measurements were made ina cyclindrical quartz cell fitted 
Be Kd. 6 )t/ 4(€i= €e yi a (4) | with electrodes through ground glass joints at the ends. ‘The electrodes 
| P| were highly polished stainless steel hemispheres with a radius of one inch. 
The interelectrode distance could be varied: by means of a micrometer 
adjustment, flexibility being attained by means of sylphon bellows. Zero 
gap was set using an ohmmeter, and was reproducible to 0.001 cm. 


K= 1. 154/ekT, 


where e is the electronic charge, k is the Boltzmann constant, T is the moleculaly 


absolute temperature, and ¢j is the first ionization potential. Voltages were obtained from either of two transformers whose 


maximum outputs were 8.38 kv and 28 kv and could be varied by means of 
Variacsin the primary circuits. ‘The voltages were rectified with a single 
| Kenotron and filtered by means of a QO. lao utd capacitor bank shunted with 
si cl ie (5) q : a 100 megohm bleeder. Measurements were made using an instrument 
ee 5 ln sia + In(A/r) transformer connected to the secondary windings. ‘The system was 
| calibrated using a voltage divider and potentiometer, and the calibration 
r=In(l4+1/y7) . - checked against a Sensitive Research Corporation electrostatic voltmeter. 
| | The measured potentials are accurate to better than 2 per cent. 


Combining Fags. (1) and (3) we have 
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Fig. 1 Comparison of B determined from sparking potential 
and pre-breakdown current measurements. Asparking © 
potentials; Opre-breakdown currents. 


Electrode damage and gas decomposition were minimized by 
removal of the voltage approximately 1/2 microsecond after breakdown, 
Weim a inyratron trip circuit Similar to that described by Lewis. 

The discharge current was limited by a series resistor of from 3 to 

18 megohms. With this system, electrode pitting could not be observed 
with the unaided eye, and decomposition of the gas with more than fifty 
breakdowns could not be detected by a change in sparking potential. 
Replacing the electrodes after many hundreds of breakdowns did not alter 
the values obtained. | 


Scatter in the sparking potential measurements was reduced to 
less than 4 per cent by illuminating the gap with three 2-watt GE germicidal 
lamps. Results were identical using two lamps, but with only one a 


Slight increase-in scatter was observed, and the sparking potentials 
increased by a=3 per cent. Measurements were made by raising the 
voltage rapidly to within a few per cent of breakdown, and then very 
slowly until breakdown occurred. ‘The values obtained were independent 


of the rate of voltage rise when adequate illumination was used. 


Those hydrocarbons normally liquid at room temperature were 
Phillips ''Pure Grade, '' labeled greater than 99 per cent pure. ‘The gases 
were supplied by Matheson and, with the exception of ethane, were labeled 
greater than 99 per cent pure. The ethane was greater than 95 per cent 
pure. Impurities present are probably other hydrocarbons which would 
not be expected to greatly alter the sparking potentials. Further purification 
was effected by distillation and repeated freezing and pumping cycles. 


HXPEHRIMENTAL RESULTS AND DISCUSSION 


Straight Chain Alkanes 


The sparking potentials of six normal alkanes are plotted in 
Fig. 2 as a function of the product of pressure and electrode separation. 
The pressures range from 100 to 8300 mm, and the gaps from 0.04 to 
O.5 ¢m, - Within experimental error, Paschen's law istobéyed. . The. resulis 
show that for a given Pd the sparking potential increases with increasing 
chain length, although the increment between gases is not constant. 


As predicted by Eq. (5), and shown in Fig. 3, a linear relation- 
ship exists between In Vg and P8/Vz for the alkanes. Values of the 
constants B and A/r obtained from a least squares fit of these data are 
given in Table I, and are used in conjunction with Eq. (5) to obtain the 
full gurvyes shown in Fie..a, Over most of Lhe range, agreement with 
experiment is excellent, although departures are to be expected at 
sufficiently low P65, (high E/P) where approximations made in the 
calculation of the electron energy distribution functions are no longer 
valid. | 


To determine the manner in which the composite cross section, 
(o9@)!/2, varies with chain length, a knowledge of the excitation energies, 
Ea, is required. Since values of €, for saturated hydrocarbons are not 
available, some assumption about them must be made. It does not seem 
unreasonable to assume that they are approximately proportional to the 
first ionization potentials, particularly for a series of simply related molecules. 
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Fig. 2 Sparking potentials as a function of Po for a series of normal 
alkanes. Qmethane; Methane; Apropane; Abutane; [pentane; 
@hexane. 
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Fig: 3° ‘Test-of the applicability .of Eq. (9) for a 
series of normal alkanes. @methane; 
O ecthane; Opropane; Abutane; HMpentane; 
A hexane. 


Errors in this assumption will probably not be of great significance, 
since the variation in €; among the saturated hydrocarbons is relatively 
s small. Equation (4) then becomes 
‘_ 
= | 
. - B=K v3/2 (0,9)1/2 e, 9/7 (6) 
= 
Pie s 
Gee tS 65 2 S S38 Geo & v= (€; = €—) /€;. 
Og CGO SH eG og Oo ee te | 
= 
a i Values of B/€ i a/2 given in Table I show the existence of a 
e S definite relationship between (09@)1/* and chain length for the normal 
; w alkanes. . alae the ionization potentials, €;, were taken from the 
“8 = Z work of Honig. | x 
t| gf SERSBSBB Boe 3 | 
OD ee el CF SS : ; : © | 
© Pes ee oO SS SSS Effect of Chain Branching | 
1@) oO) | | 
> : | 
a B: a0 The influence of chain branching on the sparking potential is of | 
® os Oo i ie oe 2 interest since it might be expected that the geometric cross section would | 
: ee oe OO I fs depend to some extent upon the shape of the molecules. The results shown 
8 A a NO. a 1 sie cly (col a= in Figs.°4,-5, and 6 indicate 2 small, butrather erratic dependence or 
i iS : sparking potential on branching. While for the hexanes no difference between 
ae oa i isomers is measurable, branching appears to increase the strength of the - 
Reale = ss butanes, and of one of the pentanes. As shownin Table I, however, values | 
< Hs GO Oks into io 6 4 O 5 of B are essentially independent of chain branching. ‘They depend only 
5 SOS! a HO 4Oy Wen od SH ton . .upon the number of carbon and hydrogen atoms in the molecule, and not it 
2 = s upon their disposition. Differences in sparking potential for branched 
ie a isomers must then be ascribed to variations in the ln (A/r) term. ! 
— a oO 
| & : : : ; , 
5 : . Honig's (7) measurements of hydrocarbon ionization potentials 
6 Ble oe HS Ss oo te did not include branched isomers, Since there has not been general 
ay TOG ee agreement on the method of extrapolation to be used in the mass spectrometric | 
ap § So SN A ir See of 3 determination of ionization potentials, a comparison of the results of | 
is 2 = different investigators reveals variations of considerable magnitude. In | 
a 8 general, values obtained by any single investigator for the various isomers 
op i of a given saturated aliphatic hydrocarbon are the same. (S11 Accordingly, 
© Ss in Table I, we have used the same values for the branched and normal 
4 i a hydrocarbons, namely those of Honig. \“) Values of B/ei?/#, and thus of 
2 S Y E ‘composite cross sections, are therefore independent of chain branching. 
My ot 8 
an} IE iy Ya a | 
° oe s : : Factors Determining (05 g)1/ 4 
5 ‘ ° @ = : 8 2 ie = : 3 3 | 
ce s = 2. E a : S S Ai OO When an electron of energy in the range of interest to this work | 
S = ey i ae s Ee i approaches a molecule, it will be confronted and scattered by an electron | 
3 - distribution which, on the average, shows a higher density inthe regions of | 
Qn 
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Fig. 6 Sparking potentials of 
hexane isomers. O n-hexane; 
@ 2 methyl pentane; 2,2 


dimethyl butane; A2, 3 dimethyl 


butane. 


the chemical bonds. ItSeems reasonable, therefore, to assign to the 
two types of bonds in the Saturated hydrocarbons, Separate and additive 
elastic cross Sections, in the manner : 


@= NaH Pon +Mcee Pond - 7) 


Here @a_p S8a_c@ Nop, and No_q refer to the elastic cross sections 
and numbers per molecule of carbon-hydrogen and carbon-carbon bonds, 
respectively. 0, now, wemwite as a transtormation 


So=pe , (8) 


g 


where in general, p may be a function of @ and perhaps other molecular 
properties, then for the alkanes, Cy, Hams2, combination of Eqs. (6), 
(7), and (8) leads to the relation 


B/é ls — Kv3/2 ot /2 oe Po.u+® cnc) oan: 26 00 é (9) 
a 


In Fie. 7% aplotet:B/e , 3/ 4 against nc. for the alkanes gives an essentially 


“linear relationship. Thus p appears to be a constant for all of these 


molecules, and the addition of each CHz group corresponds to the addition 
of a constant increment to 6. Within the scatter of the data the least 
Squares line of Fig. 7 passes through the origin. This implies that the 
electrons associated with the carbon-carbon bonds do not contribute 
Significantly to the observed cross section. 


The Cyclic Saturated Hydrocarbons 
It should be noted that if B is proportional to some power of €; 
greater than three halves, the line in Fig. 7 could possess a negative 


intercept, thus indicating a positive value for (GrC- This would be true 


if the excitation cross section were of the form 


o(¢)=d6 (€= €,)” (10) 


y] 


Where n >1. Now cyclopentane and n-butane have very nearly the same 
ionization potentials, and the same number of carbon=hydrogen bonds, 
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Fig. 7 Dependence of B/é ,3/ 4 on the number of carbon-hydrogen 
bonds per molecule in the alkanes. 


but differ by two carbon-carbon bonds. Thus, if @c.c is indeed zero, 
B should be the same for these compounds irrespective of the value of 
nin Eq. (10). The same is true for cyclohexane and n-pentane. — 


The dependence of Vs on P5 is shown for these two cyclic hydro- 
carbons in Fig. 8. It is interesting to note that, over the range investigated, 
the electric strength of cyclohexane is slightly lower than that of cyclo- 
pentane, although there is some indication that the curves will cross at 
higher values of P&S. As shown in Table I, however, the value of B for. 
cyclohexane is higher than that for cyclopentane, as is to be expected. 


A comparison of the values of B for cyclopentane and n-butane, 


show them to be the same,vindicating that @c_c is indeed zero, regardless 
Of We value fon chosen in Faq. (10). The same is true for cyclohexane 
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Fig. 8 Sparking potentials of cyclic hydrocarbons. 
Ocyclopentane; @cyclohexane. 
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and n-pentane. The proportionality between B/ ¢;8/ 4 and nGey i Pig. @ 
therefore offers evidence for the validity of the assumption that nis 
close to unity in Eq. (10). 


The ionization potentials reported in Table I for the cyclic compounds 
were measured in our Laboratory by Paul Zemany Sie Honig's value 
for hexane aS a standard. Hustrulid, Kusch, and Tate (12) give 11.0+0.4a ev 
for cyclohexane, a value somewhat higher than the one we report (10.4 ev). 
It should be noted, however, that their value for benzene is significantly 
higher than that obtained by Honig. 


Absolute Values of the Cross Sections 


Since the electron energy distribution function drops off rapidly 
above ionization energy, @ should be identifiable with an average value of 
the Ramsauer cross sectionmeasured for electrons whose energy is close 
to the ionization potential. It is interesting to compare the dependence on 
chain length of the directly measured Ramsauer cross sections, evaluated 
at €4, with that found for 6 evaluated from sparking potential measurements. 


Figure 9, using data of Briiche (13) for the normal alkanes, indicates 
that the Ramsauer cross sections are proportional to the number of carbon- 
hydrogen bonds in the molecule, just as was found for @ in our work, itis 
also noteworthy that Bruche 14) observed no dependence of Ramsauer cross 
sections on chain branching for butane and pentane isomers. 


Combining the data on Ramsauer cross sections with values of 
B/e+3/2, it is possible to obtain information about the quantities p and do. 
Thus, utilizing the slopes in Figs. 7 and 9, Eq. (9) leads to a value of 
91/2 y 3/2 09,0245 ev 1/7, Assuming a value for v of 0.4, p= 0.031\ev *: 
This value must be considered as only an estimate, but, in the light of the 
sparse data available for molecular systems, it does not seem unreasonable. 
For example, Poole(15) was able to fit his data on the dissociation of 
hydrogen in a discharge by assuming an energy independent cross section 
for the lowest triplet state equal to0.4x 10 4° cm*. The Ramsauer cross 
section in this energy range is ~8 x 10 1% cm*, so that for an electron 
having energy 1 ev above excitation, p would be 0.09 ev t. Somewhat 
lower values of f are observed for the monatomic gases. Using data of 
Meier=-Leibnitz(16) for the total excitation cross sections, together with 
Ramsauer cross sections, \!/) values of p for helium and neon are OL tae 
order of 0.005 ev}, | 
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While we are not presently in a position to offer a detailed 
explanation for the fact that only the carbon=-hydrogen bonds are important 
in determining the sparking potential, it does not seem unreasonable that 
the electrons in the neighborhood of these bonds may offer a better target 
to the colliding electrons, perhaps because of shielding of those associated 
with the carbon-carbon bonds. If this is true, a somewhat larger contribution 
ot the carbon-carbon double bond in an olefin might be expected, since in 
its formation two carbon-hydrogen bonds are removed. In addition, the 


larger spatial distribution of the 7 orbitals of the bond might further enhance 


the effect. For these reasons, and to test the general applicability of the 
theory, we are currently investigating the sparking potentials of a number 
of simply related olefinic hydrocarbons. | 
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